The case study in this paper describes the characteristics of the observed internal structure of the ITCZ precipitating system and related environmental factors in the western Pacific. We deployed the R/ V Mirai for a 10-day period in June 2000 at (7 N, 140 E) to determine the detailed structure of the western Pacific ITCZ by obtaining various data including C-band Doppler radar data and 3-hourly radiosonde data.
Introduction
In the tropical region, convective clouds play important roles in the climate system, acting as the transporters of energy and water in the atmosphere and the provider of fresh water and driving wind for the oceanic current.
One of the prominent planetary-scale organized convective features in the tropics is the Intertropical Convergence Zone (ITCZ). It is the ascending branch of the Hadley Circulation and the border of the tropical and subtropical regions. Chang (1970) has shown that the convective activity in the ITCZ includes temporal and spatial variations. Among the broad spectrum of the convective variabilities, a significant westward-propagating variation with a period of 3 to 6 days was related to the lowertropospheric disturbances and referred to as an ''easterly wave''. Studies on this easterly wave have been vital in the western Pacific (reviewed by Wallace 1971) , the central Pacific (e.g., Nitta 1970) , and the Atlantic and Africa (e.g., Burpee 1971) . Wallace (1971) described that the dominant energy source of the easterly wave is the release of the latent heat. Takayabu and Nitta (1993) categorized disturbances with a 3-to 5-day period into the mixed Rossby-gravity wave (MRGW)-type and the tropical depression (TD)-type, and pointed out that the coupling to convection is somehow loose in the MRGW-type but tight in the TD-type. Using a cloud resolving model, Xu and Randall (2001) showed the importance of the mesoscale convective systems (MCSs) in the dynamics of the easterly waves through the release of the latent heat and momentum transport. These studies implied that the organized convections are the key element of the ITCZ.
For the Atlantic ITCZ, the organized convective systems were the target of the Global Atmosphere Research Project (GARP)'s Atlantic Tropical Experiment (GATE) project (Houze and Betts 1981) . By deploying research vessels with shipborne radars and radiosonde launchers, the GATE project revealed the morphology and environmental fields of the MCSs (e.g., Leary and Houze 1979) . One of the important results of GATE is that the MCSs in the Atlantic ITCZ are strongly affected by the African easterly waves (e.g., Reeves et al. 1979 ) as a result of the provision of middle-level low-y e air. This suggests that, the regional environmental factors (large-scale circulation, moisture contrast, etc.) characterize the organization of MCSs in the Atlantic ITCZ, and its mechanism can differ from that in other regions. Thompson et al. (1979) compared the results of GATE with those of the western Pacific waves and concluded that the relationship between waves and convections differs for these two ITCZs.
On the other hand, the convections and related environmental factors in the tropical western Pacific have been intensively investigated by the Tropical Ocean Global Atmosphere, Coupled Ocean-Atmosphere Response Experiment (TOGA-COARE; see Webster and Lukas 1992) . LeMone et al. (1998) showed that the environmental vertical wind shear can organize the MCSs. The intrusion of dry air modulates the convective activity (e.g., Numaguti et al. 1995; Yoneyama and Fujitani 1995; Mapes and Zuidema 1996; Yoneyama and Parsons 1999; Redelsperger et al. 2002) . The importance of the gravity waves in the propagation of the convective systems was demonstrated by using observational data (Shige 1999 ) and numerical models (e.g., Mapes 1998; Shige and Satomura 2001; Lac et al. 2002) . The morphology and internal structure of the organized MCSs have also been reported for many cases (e.g., Mori 1995; Lewis et al. 1998; Chong and Bousquet 1999; Halverson et al. 1999; Protat and Lamaitre 2001) .
These results of TOGA-COARE revealed various characteristics of the organized convective systems and related environmental factors in the tropical western Pacific and the differences from the convections in the GATE project. However, the large-scale conditions of the TOGA-COARE field are possibly different from that of the ITCZ in, for example, the largescale divergence (see Lin and Johnson 1996) . In addition, the intensive observation period of TOGA-COARE (November 1992 -February 1993 corresponded to the boreal winter when the convective activity in the ITCZ was usually weak. To clarify whether the characteristics of the TOGA-COARE convections could be applied to the ITCZ, the observational studies of the ITCZ convective systems and environmental fields are required.
Recently, the eastern Pacific ITCZ and embedded convective systems were the target of the observational studies (e.g., Yuter and Houze 2000; Straub and Kiladis 2002; Petersen et al. 2003) . However, another important field is remained in the western Pacific ITCZ. The tropical western Pacific Ocean is well known for its high sea-surface temperature (SST), called the ''warm pool'', without a strong equatorial cold tongue as in the eastern basins. The higher SST for the wider extension, is the source of plenty latent heat, and causes a strong moisture contrast to the subtropical subsiding dry air. These different environmental conditions in the western and eastern Pacific may produce different convective systems.
In order to clarify the difference and similarity of the MCSs and related environmental factors between in the western Pacific ITCZ and in other regions, observational studies about the western Pacific ITCZ are required to obtain both detailed internal structure of the MCSs and environmental fields. As one of the approaches, we deployed our research vessel (R/ V) Mirai with a C-band Doppler radar and a radiosonde launcher at (7 N, 140 E), just under the ITCZ (Fig. 1) . The observation was carried out continuously for 11 days from June 20 to 30, 2000. During the period, Doppler radar was operated continuously to obtain the detailed internal structure and morphology of convective clouds, while the radiosondes were launched every 3 hours to obtain the detailed environmental dynamic and thermodynamic field.
The observation period began and ended with the appearance of well-organized MCSs. To describe the detailed structure of the MCSs, we focused on one event, observed at the beginning of the observation period (21-22 June 2000) . In the event, four well-organized MCSs passed over the vessel. In this paper, we present the observational results and discuss the relationship between the environmental factors and the internal structure of the MCSs. Though the present paper is just a case study, this is a rare observational study in the western Pacific ITCZ to clarify both the internal structure of the MCSs and detailed environmental field. Integration of the results of such case studies will reveal general characteristics of the convection in the western Pacific ITCZ.
The details of the observation and data processing are described in Section 2. The overview of the event is shown in Section 3. The observed environmental characteristics and internal structure of the MCSs are presented in Sections 4 and 5. The discussion and summary are in Sections 6 and 7.
Observation and data
The observation cruise of the R/ V Mirai for the present study is coded as MR00-K04. The vessel departed her mother port Sekinehama, Japan, on 10 June 2000. After a southbound cruise along 140 E to 5 N for other purposes, she went back to point (7 N, 140 E) for the stationary observation, where the active convection of the ITCZ could be observed in the season (Fig. 1) . The R/ V Mirai stayed there for 11 days, from 00 UTC on 20 June to 15 UTC on 30 June. Most of the instruments were in operation throughout the observation period. See JAMSTEC (2000) for details of the cruise.
One of the principal R/ V Mirai pieces of equipment for this observation was the shipborne C-band (5 cm in wavelength) Doppler radar. Throughout the observation period, the radar operated on a repeating cycle every 10 minutes. Each cycle consists of a ''surveillance PPI'' (a full-circle PPI at the elevation of 0.5 degrees to obtain reflectivity within a 200-km range), a ''volume scan'' (consisting of 21 fullcircle PPIs at elevations from 0.5 to 40 degrees to obtain reflectivity and Doppler velocity within a 120-km range), and optional RHIs (to obtain reflectivity and Doppler velocity within a 120-km range for elevations from 0 to 70 degrees). The Doppler velocity data are unfolded using dual-PRF real-time processing (Sigmet 1996) . In off-line post-processing, the erroneous unfolded Doppler velocity and second-trip echoes are corrected.
From the volume scan data, the echo area and averaged rainfall amount for both the convective and the stratiform portion are calculated. The separation method is based on Steiner et al. (1995) , with modifications to utilize the maximum reflectivity value in each vertical column between 1-and 3-km heights so as not to miss developing cells in which convective cores are stronger aloft.
On the other hand, the volume scan data are also utilized to obtain vertical profiles of horizontal wind and divergence above the vessel using the extended velocity-azimuth display (EVAD) analyses by Matejka and Srivastava (1991) , based on Srivastava et al. (1986) . The VAD analyses at each PPI circle for EVAD calculation were carried out by the method of Tsuboki and Wakahama (1988) , based on   100E  110E  120E  130E  140E  150E  160E  170E  180 Browning and Wexler (1968) . PPI data with the horizontal range distance between 10 to 30 km are adopted for EVAD analyses. The corresponding reflectivity profiles are also calculated by averaging values within 30 km in a horizontal range distance. The output parameters (horizontal wind, horizontal divergence, reflectivity, etc.) are calculated for each layer with the thickness of 500-m height.
Another important observation is the radiosonde sounding to obtain thermodynamic and dynamic structures of the ambient atmosphere. We launched the radiosonde sensors every three hours, from 00 UTC on 19 June 2000 to 15 UTC on 01 July 2000. The Vaisala RS80-15G sensors and DigiCORA MW11 receiver/ processor were used. The pre-launch calibration and correction of near-surface data were conducted as in Yoneyama et al. (2002) .
The other R/ V Mirai instruments were also utilized. The cloud base height was obtained using a ceilometer (Vaisala CT-25K) up to a 7-km height. The general meteorological parameters (air pressure, air temperature, humidity, wind direction and speed, and rainfall amount) were also obtained using the instruments on the ship. The instruments were installed at the top of the foremast or on both sides of the top deck to avoid any influence from the ship's body. For the instruments on the top deck, we chose the data obtained by the instruments on the upwind side.
Overview of the event
During the observation period, the convective activity of the western Pacific ITCZ was strong along 7 N, as illustrated in Fig. 1 . According to the Climate Prediction Center (2000), monthly mean rainfall and cloud liquid water were located in the same zone. The SST distribution (Smith and Reynolds 2003) in Fig. 1 indicated that the zonally elongated high-cloudiness region is at the north of the high SST axis along 5 N.
The temporal variation of the VISSR/GMS IR-1 (infrared) channel brightness temperature ðT B Þ around the ITCZ is presented in Fig. 2 for a month centered at the observation period. In this figure, a convectively active period repeatedly passed over the longitude of 140 E, the observation point of R/ V Mirai. The low-T B region propagated eastward with a speed of 10 to 20 m s À1 and westward with a speed of 10 m s À1 . The region of the westwardpropagating low-T B region corresponds with the region of the negative anomaly of the zonal wind in NCEP/NCAR reanalysis data (Kalney et al. 1996) , as shown in Fig. 3a . According to the NOAA /CDC analysis (http://www.cdc.noaa. gov), the eastward-propagating low-T B region is categorized as the Kelvin wave in the spectral analysis of the OLR anomaly for the period (by the method of Wheeler and Kiladis (1999) ). The strong westerly wind anomaly appeared after 30 June, the date of the appearance of a monsoon westerly at Koror (7 N, 134 E), 600 km east of the observation point of R/ V Mirai (Kubota et al. 2002) .
Among these zonally propagating low-T B disturbances, the observation period of R/ V Mirai experienced convectively active days twice, at the beginning and the end of the period. The target of the present study is the active convection in the beginning of the period, 21 to 22 June. On the meridional wind in Fig. 3b southerly anomaly appeared at the observation point in the target days. The northerly anomalies are also seen before and after the target days. These meridional anomaly patterns also seem to propagate westward at almost the same speed of the zonal anomaly and active convection. The propagation speed and the period of meridional wind variation also resemble the easterly waves (Reed and Recker 1971) . Figure 4 shows the close-up image of the VISSR/GMS IR1 T B image for the convective event of this study. In this period, four major MCSs (hereafter MCS1, MCS2, MCS3 and MCS4, in order of the time of appearance) are observed to have moved westward and to have passed over the vessel. Figures 4 and 5 revealed that the four major MCSs in Fig. 4 MCS4 aligned zonally, and each MCS's leading edge elongated in a north-south direction, as indicated in Fig. 6c .
Environmental field

Satellite-derived horizontal structure
The large-scale environmental field at the beginning and end of the event could be observed from the satellite-derived parameters, as illustrated in Figs. 6 and 7. In the initial stage of the event, the surface wind field from QuikSCAT ( Fig. 6a) shows that the border of the surface northerly and southerly components was extended from the north to the east of the vessel, with a bulge to the west around (15 N, 138 E). In the south of the border, the surface wind divergence (not shown) is highly varied corresponding to the area of active convection, as depicted in VISSR/GMS IR1 T B image (Fig. 6c) .
The moisture field, which is derived from SSM/I data ( Fig. 6b ), also displays a clear large-scale border extending from the north to the east of the vessel with a bulge to the west. The 52-mm contour closely corresponds to the border of the surface northerly and southerly components. This suggests that the low-level southerly wind component could provide moisture to the convectively active zone. Figure 7 illustrates the horizontal distribution of satellite-derived parameters as does Fig.  6 at the final stage of the event, just before the last (fourth) MCS (MCS4) passed over the vessel. In these images, one can see the weaker moisture contrast between the equatorial wet air and the subtropical dry air, with a decreased amount of moisture in the equatorial air. This could be considered to be the result of the mixing of the subtropical dry air and equatorial moist air and the removal of the water vapor from the atmosphere in the form of precipitation. 
Radiosonde-derived vertical structure
The vertical structure around the target MCSs is examined by radiosonde sounding data obtained over the R/ V Mirai at (7 N, 140 E), which is located at the center of the convectively active zone (see Figs. 1, 6 and 7 for their location).
The general large-scale environment could be found in the zonal component (Fig. 8a) . A midtropospheric easterly jet profile prevails, with a weak easterly (< 6 m s À1 ) in the lowest kilometer and a strong easterly (> 8 m s À1 ) extending above a 7-km height. Thus, the wind shear between the atmospheric boundary layer and the mid-tropospheric layer was easterly. This could be a factor in the elongation of the leading edge of the MCSs in the meridional direction, i.e., orthogonal to the vertical wind shear, as described in LeMone et al. (1998) .
On the other hand, the situations show the significant variation related to the convectively active period (shown by the box in each panel of Fig. 8 ). Before the active period, the low-level easterly accelerated from 06 UTC on 20 June. The moisture field shows the vertical extension of the moistened layer up to 3-km height after 12 UTC on 20 June. The convective available potential energy (CAPE) was larger than 2 kJ kg À1 after 15 UTC. These characteristics are the favorable condition to the deep convection by the moistening of the layer above the planetary boundary layer, as pointed out by Sherwood (1999) and Shinoda and Uyeda (2002) .
After the appearance of active convection, the zonal wind in the upper layer (above 7-km height) turned easterly during the convectively active period. In the same period, the easterly below a 3-km height was weakened. This could be the result of the vertical momentum transport by the target MCSs. On the meridional wind component, the southerly wind appeared below a 3-km height and between 9-and 15-km heights, while the northerly dominated most of the layer before the period. The low-level southerly component from 06 UTC on 21 June to 12 UTC on 22 June, also shown in the NCEP/NCAR reanalysis data (Fig. 3) , extended up to a 3-km height. Considering with the satellite-derived moisture field (Fig. 6b) , the meridional wind could provide moist air to the target MCSs from the south in the layer below 3-km height during the convectively active period. The change in the thermodynamic fields is more significant. The positive moisture anomaly extends to the upper layer, except for the layer in the lowest kilometer. The positive temperature anomaly turns negative below a 5-km height and the uppermost part of the troposphere. Reflecting the stabilization of the atmosphere by the convection, including the cooling and drying of the boundary layer, the CAPE gets smaller (Fig. 8e) in the convectively active period. The convective inhibition (CIN) is significantly large (> 50 J kg À1 ) in some profiles within the period.
These variations in the time-height cross section are similar to the patterns of previous observations (e.g., Gamache and Houze 1985) , numerical simulations (e.g., Fovell and Ogura 1988) and analyses (e.g., Sherwood and Wahrlich 1999) gion. The cold anomaly near the uppermost height was also similar to the characteristics over the top of the MCSs in previous studies (e.g., Johnson and Kriete 1982) . These similarities suggest that the change of the radiosonde-derived thermodynamic field in the convectively active period was affected directly by the precipitating systems.
After the convectively active period, the regions of decelerated zonal wind and of dry and (slightly) warm anomaly began to extend upward from the surface. Though the radiosondeobserved meridional wind is unclear, the NCEP/NCAR reanalysis data (Fig. 3b) shows that the northerly anomaly appeared after the active period. The CAPE gradually recovered.
Throughout the period in Fig. 8 , the variation resembles the pattern of the easterly wave (e.g., Reed and Recker 1971; Xu and Randall 2001) . In addition, the temporal change of the low-level wind (accelerated easterly before the active period, southerly within the period, and decelerated easterly after) is similar to the pattern of the mixed Rossby-gravity wave (Matsuno 1966) . The temporal evolution of the thermodynamic field also resembles that of the quasi two-day wave (e.g., Takayabu et al. 1996; Haertel and Johnson 1998) . These past studies speculated that these waves can be coupled to the convections.
Detailed structure of MCSs
MCS-scale structure
This section describes the detailed structure of each MCS in the event. First, the snapshots of the radar reflectivity field, obtained by the surveillance PPI, are presented in Fig. 9 for each MCS. As previously indicated in the VISSR/GMS IR-1 T B image (Fig. 6c) , the meridionally elongated western leading edges and following widespread echo area could be identified, except for MCS1. These characteristics are typical patterns of the well-developed MCSs studied in the past (e.g., Houze et al. 1990 ). Exceptionally, MCS1 consisted of echo masses that aligned in a southwest-northeast direction, and moved northwestward within the radar observation range. However, the GMS image (Fig. 6c) , obtained just after the passage of the first gust front, indicates that the southwestnortheast line was the northern edge of the extending cloud area initiated from MCS0. The westernmost edge of MCS1 was clearly elongated in the north-south direction and moved out of the radar observation range. MCS2 and MCS3, on the other hand, passed over the radar observation range with the northern end of the meridionally elongated leading edge, as shown in Fig. 6c . In contrast, Fig. 7c shows that the middle part of the meridionally elongated leading edge of MCS4 passed over the radarobservation range.
The surface meteorological parameters (Fig.  10) reveal that each MCS brought a gust front in the leading edge, with a temperature drop and a wind increase. Following each gust front, the temperature gradually recovered within a time scale of a few hours. The ceilometerobserved cloud base height at the tail of each MCS was about 5 km, reflecting an anvil following the stratiform precipitating area.
The amounts of rainfall from convective and stratiform portions within the radar observa- tion range are plotted in Fig. 11 . MCS1 contains the largest amount of convective rainfall, though the principal meridionally elongated leading edge was outside the radar observation area. In contrast, MCS2 contains the largest amount of stratiform rain. The third and fourth peaks, which correspond to MCS3 and MCS4 respectively, get smaller. This tendency corresponds well to the decrease of the atmospheric instability for the latter MCSs, as indicated by CAPE in Fig. 8e . Reflecting this tendency, the surface rainfall plot at the R/ V Mirai (Fig. 10b) shows that the heavy rainfall (> 10 mm h À1 ) from the convective leading edge continues longer in the MCS1, while the following moderate rainfall (< 5 mm h À1 ) remains longer in the MCS2. Figure 12 shows the EVAD-derived divergence profiles averaged for each MCS. In MCS1, with a large amount of convective rainfall, the convergence prevails below a 5-km height, and divergence prevails above. In contrast, the convergence around the 0 C height is significant in MCS2 and MCS3, in which stratiform precipitation is relatively large. This correspondence between the rain type and divergence profile matches the result of past studies well (e.g., Gamache and Houze 1982) . In MCS4, significant convergence is located around the 3-to 4-km height, neither at the low level nor at the 0 C height. The detailed result of EVAD-derived parameters is displayed in Fig. 13 . The time scale could be converted to distance by using the rate of about 50 km h À1 from the averaged propagating speed of the leading edges of target MCSs.
The averaged reflectivity within a 30-km range from the radar is illustrated in Fig. 13a . In all MCSs, the strong precipitating shaft is in the earlier (western/leading) edge. Each leading edge is followed by a relatively weak but widespread precipitating area with a bright band. Consistent with the stratiform rainfall amount, the bright band is most significant in MCS2 and also seen in MCS1 and MCS3.
The dynamical internal structure is obtained by EVAD analyses, as also depicted in Fig. 13 . The wind vector in Fig. 13a indicates a strong easterly or northeasterly wind below the bright band and at the rear of each MCS, while the wind is easterly or southeasterly in the layer below the 3-km height. To view the detailed structure, the wind is decomposed into zonal and meridional components (Figs. 13b-c) . The zonal component (Fig. 13b ) pattern is consistent with the classical quasi-twodimensional structure of the squall-line MCS (e.g., Zipser 1977), especially in MCS2. One can see a strong rear-to-front (RTF) inflow at the height below the bright band, which is the strong easterly region extending from the trailing stratiform region to the gust in the leading edge. The storm-relative front-to-rear (FTR) flow is also found as the relatively weak easterly above the gust front. The boundary layer in the rearward portion of each MCS contains a weak easterly flow (system-relative rearward flow) that is typically recognized as a branch of the downdraft, as displayed by shipborne sensors (Fig. 10c) or radiosonde soundings (Fig.  8a) .
While the wind normal to the leading edge is approximately represented by the zonal component, the wind parallel to the leading edge is represented by the meridional component (Fig.  13c) . In general for MCS1 to MCS3, the southerly component dominates the layer below the 3-km height, while the northerly component dominates above. The EVAD results are similar to the radiosonde sounding results in the convectively active period, as in Fig. 8b .
However, this vertically sheared structure in the meridional component is not rigid within the MCSs, especially around and above the 0 C height. In the rear part of each MCS, we can see the region of the strong northerly component around the 0 C height. Ahead and above of this strong northerly region, the region of the relatively weak northerly, or even the southerly component, can be found. These meridional wind patterns could be recognized as the (horizontal and/or vertical) shear zone that extended upward near and above the melting layer. In the divergence panel (Fig. 13d) , MCS1, 2 and 3 contain significant convergence around the head of the northerly region at the 0 C height.
Sub-MCS-scale structure
To see the detailed morphological characteristics, snapshots of radar-observed images will be examined again in detail. As marked 'N' and 'S' in Fig. 9 , the leading edges of MCS2 and 3 consists of two arcs. Here we call these individual arcs as ''subsystems'' of each MCS. The time series of PPI images (not shown) indicates that the boundary part of the northern and the southern subsystems in MCS2 and MCS3 passed over the vessel. In MCS1, the leading edge is not in the radar observation range so subsystems cannot be determined. Plural subsystems cannot be determined in MCS4 within the radar observation range either. Now, we focus on MCS2 and MCS3 for the sub-MCS-scale structure.
The morphological differences between these northern and southern subsystems are sum- marized in Fig. 14 for MCS2 . The leading edge of the southern subsystem proceeded westward at a speed of 14 m s À1 , which is comparable to the phase velocity of the GMS-identified MCS, with the continuously trailing widespread precipitating region for a width of 200 km. In contrast, the leading edge of the northern subsystem moved more slowly (about 9 m s À1 ), and the trailing widespread precipitating region vanished after 15 UTC. The same tendency was repeated in the MCS3, as presented in Fig.  15 . The southern subsystem and trailing widespread precipitating region moved at a speed of 14 m s À1 , while the northern subsystem moved more slowly (9 m s À1 ), with the trailing widespread precipitating region vanishing after 21 UTC. These figures show that the northern subsystems in MCS2 and 3, without the continuously trailing widespread precipitating region, moved westward at slower speed than the southern subsystems or GMS-identified MCS cloud. In MCS3, the whole northern subsystem cannot be identified by the PPI reflectivity image after 00 UTC on 22 June.
The dissipation of the trailing widespread echo in the northern subsystems resulted in a clear contrast between the trailing regions of the northern and southern subsystems, especially in MCS2. In Figs. 9b (MCS2) and 9c (MCS3), the border between the southern trailing echo area and the northern no-or weakecho area extended southeastward from the leading edge of the northern subsystem. In the trailing echo area, the echo edge could be determined as the border between the northern and southern subsystems.
To reveal the internal structure of subsystems, CAPPI images are shown in Figs. 16 and 17 for MCS2 and MCS3 respectively, at 2-and 5-km heights. The 2-km height is representative of the lower layer, in which meridional wind is southerly by EVAD analyses. The 5-km height is around the 0 C height, at which EVAD analyses showed significant convergence and significant perturbation of the meridional wind.
On the 5-km height panels of Doppler velocity (Figs. 16b and 17b) , the contour of zero Doppler velocity is aligned almost along the north-south direction (strictly, in MCS2, the direction shifted clockwise by ten to twenty degrees). Because the contours of zero Doppler velocity in both CAPPI images are proxies of the averaged wind fields over the radar observation range, the MCS-scale averaged wind can be interpreted as almost easterly at the melting level in both MCSs. The averaged ranges are (a) 50-to 100-km north of the radar for the northern subsystem but (b) 50-to 100-km south of the radar for the southern subsystem.
If the wind field is uniform within the radar observation range, the fastest peak of approaching Doppler velocity is expected to be located to the direction orthogonal to the zero-Doppler velocity line from the radar (Wood and Brown 1986) . In the CAPPIs of MCS2 and MCS3 at a 5-km height, the fastest peaks are expected to be located to the west of the radar. However, the real positions of the fastest peaks of approaching Doppler velocity in these panels shifted from the expected position.
In MCS2 at a 5-km height (Fig. 16b) , the fastest peak of the approaching Doppler velocity shifted to the south from the direction expected from the zero Doppler velocity line. Because the fastest peak is located in the trailing stratiform region of the southern subsystem, the southward shifting of the fastest peak position indicates that the wind around the 0 C height in the southern subsystem included a southerly component and/or a faster easterly than the averaged field. The fastest peak at the 5-km height is in almost the same direction as that at a 2-km height. The RHI images (not shown) show that the southerly layer in the lower level extended up to the 0 C height. Thus, the EVAD-derived southerly component around the 0 C height before 17 UTC on June 21 indicates that the vessel was under the southern subsystem before the time.
After 17 UTC, the EVAD-derived wind at the 0 C height turned to a northerly component, as in Fig. 13c . The time series of PPI images (not shown) indicates that the border between the southern widespread echo area and the northern no-echo area was over the vessel after 17 UTC. The vertical cross section of this border (almost normal to the border) is displayed in Fig. 18 . The border part consisted of a strong echo band between 20-to 50-km in distance, with a significant bright band around a 4-to 5-km height. Around the echo band on the border, the radial wind pattern around the 0 C height (around a 5-km height) is convergent between a receding (almost southerly) component in the near side and an approaching (almost northerly) component in the far side, as shown by the arrows. The divergence amount on the radial velocity around the border echo band is about 1:5 Â 10 À4 s À1 , estimated with the horizontal scale of the sampling diameter of the EVAD analysis. This estimated radial di- vergence amount in the RHI is almost the same to the EVAD-derived divergence amount from 16 to 19 UTC on 21 June, when the border echo band was near the vessel. This correspondence suggests that the convergence in the meridional component is an important factor in the melting convergence in this border echo band. The border echo band is also characteristic in the vertical structure. As shown by the arrows in Fig. 18b , the convergence around the 0 C height, with a clear bright band, lies between divergent layers. This vertical pattern is similar to the ''melting reverberation'' shown by Mapes and Houze (1995) from the averaged profiles for each MCSs.
In MCS3, on the other hand, the CAPPI image at a 5-km height (Fig. 17) shows that the fastest peak of the approaching Doppler velocity shifted to the north, with the secondary peak in the south. Because the fastest peak at the 2-km height shifted southward from the expected direction and located in the southern subsystem, the vertical wind structure in the southern subsystem is suggested to be the same as that of the MCS2, in which the southerly layer extended, at least, from the surface to the 0 C height. The northern peak does not exist at the 2-km height. The RHI image for the northern subsystem (Fig. 19) shows that the radial velocity has a significant approaching (northerly) component only around the 0 C height but a receding or weak approaching component above and below. This patten is consistent with the EVAD-derived meridional wind component (Fig. 13c) . This indicates that the wind around the 0 C level has a northerly component. The another RHI image (Fig. 20) also shows that the radial wind at the melting level is convergent around the 0 C height, with a divergence above and below. This is also a similar pattern to the ''melting reverberation'' shown in MCS2 (Fig. 18) . The RHI images (Figs. 19 and 20 ) also indicate the lack of a deep convective tower at the leading edge in the northern subsystem, at least in the radar observation range. After the time when these RHI data were obtained, the northern subsystem itself vanished. El.=0.5 Az.=30.
Az.=30. El.=0.5 In summary, the qualitative common features between MCS2 and MCS3 in the subsystem scale are the followings: (1) the trailing widespread echo of the northern subsystem, or even the northern subsystem itself, dissipated, while the southern subsystem accompanied the stratiform echo continuously and robustly; (2) the westward-moving speed of the leading edge of the northern subsystem was slower than that of the southern subsystem; (3) in the southern subsystem, the southerly component appeared continuously from the surface to the 0 C height; (4) the wind around the 0 C height included the northerly component in the northern subsystem but a southerly component in the southern subsystem; and (5) the ''melting reverberation'' pattern was found in the trailing precipitating region of the northern subsystem (in MCS3) or the border between the northern and southern subsystems (in MCS2).
Discussion
Meridional contrast of MCS structure
The previous sections presented the observed structure and environment of MCSs individually. We will now discuss the relationship between these observed characteristics.
The significant features of MCS2 and MCS3 are the meridional asymmetries of the structure, including the extent of the stratiform echo, the propagating speed, and the 0 C height inflow, as summarized in the end of the previous section. On the other hand, the characteristic feature of the environmental condition is the meridional contrast of the moisture. The environmental air was dry in the north of the MCSs but moist in the south, as shown in Figs. 6 and 7.
Focusing on the flow at the 0 C height, the existence of the significant RTF inflow and the convergence is proved by the EVAD analyses (Figs. 12 and 13) . The snapshot PPI and RHI images show that the convergent flow at the height consisted of an absolute northerly component in the northern subsystem but a southerly component in the southern subsystem. Previous studies using three-dimensional numerical simulations (Skamarock et al. 1994; Weisman and Davis 1998; Pandya et al. 2000) showed that a squall line system without Coriolis force contains two symmetric vortices at the middle level in the rear of both ends of the leading edge. Such vortices introduce environmental air as a parallel component to the leading edge. The observed characteristics in the present study suggest that a similar structure existed in MCS2 and MCS3. Considering the environmental moisture contrast, which consisted of a northern dry region and a southern moist region as shown in Figs. 6 and 7, it is reasonable to say that the RTF inflow brought dry air from the northern side. The introduction of the dry air could result in more evaporation of the precipitating particles in the stratiform region, as observed in Chong and Bousquet (1999) . The observed morphological difference between the northern and southern subsystems is reasonably explained by the mechanism. The absence of a northern dissipating subsystem in MCS4 is also consistent with the mechanism discussed above, because the introduction of dry air can occur only in the northern end of the MCSs, while the northern end of MCS4 was out of the radar observation range.
The observed difference of the propagation speed between the northern and southern subsystems seems inconsistent with the mechanism discussed above, because more evaporation seems to form a strong cold pool which propagates faster. However, the whole of the northern subsystem dissipated in MCS3, preceded by a weakening of the convective tower on the leading edge. The observed melting convergence is at the meridionally elongated echo band in MCS3 or an echo band that extended from the leading edge of the echo of the northern subsystem. These observed factors imply that the more slowly propagating leading edge in the northern subsystem is not the convective tower but the echo band with the melting convergence, which was located ahead of the introduced dry air.
The environmental large-scale characteristics also assisted the structure discussed above. The Hovmellor diagram of the NCEP/NCAR reanalysis data shows that, at 200-and 500-hPa heights (not shown), the region with the northerly wind component propagated westward and reached 140 E on 21 to 22 June, while a strong northerly region at the 850-hPa height reached 140 E on 23 June. Therefore, for the convectively active period on 21 to 22 June, the large-scale wind was northerly above the 0 C height but southerly in the lower layer. These large-scale flows provided a favorable condition for the northward shifting of the wind direction of the rear inflow. Even if the RTF inflow was weakened by the drier inflow, as demonstrated by Yang and Houze (1995) , the large-scale flow helped to keep providing a drier inflow from the northern end. This large-scale flow also corresponded to the flow at the 0 C height in the southern subsystem, which is not significantly stronger than the flow below the 4-km height. This could be the synthetic result of the largescale northerly and the southerly branch of the MCS-scale convergent flow at the 0 C height. The observed and discussed characteristics are summarized as the conceptual model in Fig. 21 . The layer below the 3-km height was southerly and provided moisture from the southern tropical moist air. At the 0 C height, the melting convergence made the RTF inflow. In combination with the large-scale northerly, the RTF inflow to the 0 C height was northerly in the northern end. This RTF inflow to the northern end introduced the subtropical dry air to the stratiform precipitating region. As a result, the stratiform precipitating region vanished, and the melting convergence was concentrated in the echo band that proceeded more slowly than the southern subsystem.
This conceptual model suggests that the moisture contrast between tropical moist air over the warm SST and subtropical subsident dry air is an important factor to control the western Pacific ITCZ MCSs with a melting convergence.
Excitation of zonally aligned MCSs
Another characteristic of the present case is the zonally alignment of the MCSs. As shown in Fig. 4 , the origin of each MCS shifted eastward with a speed of about 12 m s À1 , while each MCS moved westward. The wind below a 7-km height was easterly. Under a similar easterly wind condition, Oouchi (1999) simulated the generation of a new MCS in the east of the pre-existing MCSs. He pointed out that the gravity wave at a speed of 10 to 20 m s À1 , which was excited by the pre-existing MCS, propagated eastward through the moistened atmosphere, and initiated a new MCS.
In the present case, pre-moistening below a 3-km height was observed from 12 to 18 hours before the appearance of MCS1, as described in Section 4. The moistening of the layer above the planetary boundary layer is a required factor to generate deep convections, as pointed out by Sherwood (1999) and Shinoda and Uyeda (2002) . The satellite-derived moisture fields (Figs. 6 and 7) suggested that the premoistened field was limited in the south of 10 N, where the MCSs occurred. The convection-excited gravity wave was simulated by Mapes (1998) using the observationbased heat source function in Mapes and Houze (1995) . The characteristic gravity waves propagate at speeds of 6, 23 and 52 m s À1 in their simulation. In the present case, the averaged divergence profiles of MCS2 (Fig. 12a) , MCS3 (Fig. 12b) and whole of the convectively active period (Fig. 22) show a similar vertical pattern to that of Mapes and Houze (1995) , with significant melting convergence, melting reverberation, and deep layer of convergence up to about a 300-hPa height. Concerning the propagation speed, Fig. 2b shows that the origin of each MCS shifted eastward at a speed of about 12 m s À1 . The radiosonde-observed easterly wind speed was about 8 m s À1 below a 7-km height (Fig. 8a) . Thus the wind-relative propagation speed resembles the simulated gravity wave of Mapes (1998) at a speed of 23 m s À1 . He showed that the gravity wave with a speed of 23 m s À1 caused the negative temperature deviation below a 500-hPa height. These factors imply that the zonally aligned MCSs in the present study are possibly caused by such convection-generated gravity waves, which originate from the existing MCSs and propagate through and lift the pre-moistened atmosphere below a 3-km height.
Concerning the magnitude of the vertical replacement, the simulated temperature deviation by Mapes (1998) is about 0.13 K in maximum at a 700-hPa height. The value can be converted to the vertical replacement of about 20 m by assuming the typical temperature lapse rate 6 K km À1 . This vertical replacement is the same order as the equivalent depth of the equatorial waves, as demonstrated by Takayabu (1994) . This implies that the convection-generated gravity waves from the MCSs could be one of the important factors to generate new MCSs as well as large-scale disturbances.
As seen in Fig. 3 , large-scale westward and eastward propagating disturbances might provide a favorable condition for the initiation of convective clouds. At present, however, the relationship between the successive generation of MCS and the large-scale disturbances is ambiguous. Further studies including numerical examinations are required to reveal their relationship.
Concluding remarks
To obtain keys for understanding the relationship between the precipitating systems and their environments in the western Pacific ITCZ, we deployed the R/ V Mirai at (7 N, 140 E) in June 2000. The present study focused on a convectively active event for a few days in the observation period, in which four MCSs passed over the vessel. The shipborne Doppler radar and three-hourly radiosonde observations revealed the morphology, internal dynamic structure and thermodynamic situation.
As a first approximation, the observed MCSs have the classic two-dimensional structure. The meridionally elongated leading edge and following stratiform region moved westward. Among the four MCSs, two of them, in which the northern end passed over the radar observation range, included subsystems with arcshaped leading edges. The stratiform precipitation echo area dissipated in the northernmost subsystem. At the border of the northernmost and neighbor (southern) subsystems, an echo band with a significant melting convergence was observed. The significant melting convergence was also proved by the EVAD analyses. The convergent rear inflow around a 0 C height consisted of an absolute northerly and southerly component.
Concerning the environment, the satellitederived moisture was relatively dry in the north of MCSs but moist in the south. Thus, it is suggested that the northerly in the northern end of the MCSs easily introduced dry air to the internal MCS. The large-scale meridional wind can help the provision of moist air in the lower layer from the south but dry air to the rear inflow from the north around. It is reasonable to say that the introduction of dry air to the northern side caused the dissipation of the subsystem in the northern end of the MCSs.
The cause of the initialization of zonally aligned MCSs in the present study is also discussed. The observed factors are consistent with the mechanism that the pre-moistened lower-tropospheric air was lifted by the MCSgenerated gravity waves with the aid of the large-scale convergence.
The important factors on the discussed mechanisms are summarized into two categories. One is the environmental factors, especially in the moisture distribution, and the other is the internal dynamical structure of the MCSs, especially in the stratiform precipitating region. In the present case study, it is suggested that the combined effects of these two factors are important to regulate the behaviour of the convection. To investigate the generality of the mechanisms in the western Pacific ITCZ MCSs, more cases with the detailed observational data should be studied.
